The binding energies of the ground states and several excited states related to single-particle and -hole states in nuclei around 16 O are calculated taking charge dependence into account. Effective interactions on the particle basis are constructed from modern charge-dependent nucleon-nucleon interactions and the Coulomb force within the framework of the unitary-model-operator approach. Single-particle (-hole) energies are obtained from the energy differences of the binding energies between a particle ( 
I. INTRODUCTION
The single-particle level is one of the fundamental structures in nuclei. Important physical quantities such as the spin-orbit splittings and the magic numbers are characterized by the single-particle level. Recently, it has been argued that some magic numbers disappear and new magic numbers arise in nuclei near the drip lines [1, 2] . When we calculate the energies of single-particle levels in neutron-or protonrich nuclei, it would be desirable that the calculation formalism is based on the particle basis. Advantages of the particlebasis formalism are that the Coulomb force can be treated accurately for the proton-proton channel and effects of charge dependence in realistic nuclear forces are taken into account in structure calculations. In the particle-basis formalism, one can obtain the energy differences between proton and neutron levels for not only N = Z nuclei but also neutronor proton-rich nuclei in the same manner.
The calculation of single-particle energies starting with a nucleon-nucleon force in free space is a fundamental problem in theoretical nuclear physics. There have been many attempts to understand the structure of single-particle levels as well as other ground-state properties in nuclei [3] [4] [5] [6] [7] . In such calculations, we need a many-body theory that leads to an effective interaction in a restricted model space for a nucleus in many cases. For this purpose, the G matrix has been widely used as a basic ingredient in performing structure calculations [8, 9] . A recent study of the doubly closedshell nucleus 16 O using the G matrices constructed from modern nucleon-nucleon interactions can be seen in Ref. [10] . Lately, as an alternative of the G matrix, a lowmomentum potential V low-k has been constructed from a realistic nucleon-nucleon interaction using a renormalization group technique or conventional effective interaction theory by Bogner et al. [11] . The application of V low-k to the calculation of ground-state properties of the closed-shell nuclei 16 O and 40 Ca has been done in Ref. [12] . As one of the methods for solving nuclear many-body problems, we have developed the unitary-model-operator approach (UMOA) [13] . An energy-independent and Hermitian effective interaction is derived through a unitary transformation of an original Hamiltonian. Nuclear ground-state properties, such as the ground-state energy, charge radius, and single-particle energy have been calculated for 16 O [14] and Four high-precision nucleon-nucleon interactions represented in momentum space are employed, namely, the Nijmegen 93 (Nijm 93) [18] , Nijm I [19] , the chargedependent Bonn (CD Bonn) [20] , and the next-to-next-tonext-to-leading order ͑N 3 LO͒ potential [21] based on chiral perturbation theory [22, 23] which has recently been constructed by Entem and Machleidt. In these potentials, effects of charge dependence are taken into account. The first three potentials are based on meson-exchange models in which several kinds of meson are incorporated. On the other hand, the essential degrees of freedom of the mesons in the N 3 LO potential are only for the pions. Therefore, the N 3 LO potential is constructed in a low-momentum region compared to the meson-exchange potentials which have heavier mesons. However, the N 3 LO potential has the high accuracy to reproduce the nucleon-nucleon data below E lab = 290 MeV, and thus the N 3 LO potential as well as other high-precision nucleon-nucleon interactions can be used in nuclear structure calculations.
This paper is organized as follows. In Sec. II, the methods for deriving effective interactions and performing structure calculations are given. In Sec. III, calculated results for 16 O and its neighboring nuclei using the four realistic interactions are presented. Finally, we summarize the present work in Sec. IV.
II. METHOD OF CALCULATION
In the UMOA, the Hamiltonian to be considered is given by a cluster expansion of a unitarily transformed Hamiltonian. In the previous works [13, 14] , many-body correlations up to three-body cluster terms have been evaluated. It has been confirmed that the cluster expansion in the numerical calculation for 16 O shows the good convergence at the three-body cluster level. We may say that since we consider the N Ӎ Z nuclei around 16 O in the present study, the threebody cluster terms do not have a significant contribution to the energy difference between the single-particle (-hole) levels of the proton and neutron. Therefore, in the present calculation, we neglect the three-body cluster terms for simplicity. The evaluation of the three-body cluster terms based on the particle basis is a further challenge which should be accomplished for a deeper understanding of nuclei.
In the following sections, we present a general framework for deriving an effective interaction and a practical method for the structure calculation in the present study.
A. Derivation of effective interaction in the P and Q spaces
In the usual sense of effective interaction theory, an effective interaction is defined in a low-momentum model space (P space). However, in general, one can also derive an effective interaction in the complement (Q space) of the P space by making the decoupling condition for the effective interaction ṽ as Qṽ P = 0. Note that the projection operators P and Q satisfy the usual relations as P + Q =1, P 2 = P, Q 2 = Q, and PQ = QP = 0. We here present a general framework for deriving a two-body effective interaction of Hermitian type for a two-body system.
The two-body effective interaction ṽ 12 of Hermitian type is written as
where 12 is the bare two-body interaction and h 0 is the one-body part of the two-body system which consists of the kinetic energy t 1 ͑t 2 ͒ and, if necessary, the singleparticle potential u 1 ͑u 2 ͒ as h 0 = t 1 + u 1 + t 2 + u 2 . The operator U for the unitary transformation of h 0 + v 12 can be written as ͓24͔
͑2͒
by introducing the operator satisfying = QP and thus 2 = †2 = 0. The above expression of U agrees with the block form using the projection operators P and Q of kubo ͓25͔ given by
We should note here that the operator U is also expressed as
where S is anti-Hermitian and given under the restrictive conditions PSP = QSQ =0 by
In order to obtain the matrix elements of , we first solve exactly the two-body eigenvalue equation as
With the eigenvector ͉⌽ k ͘, the matrix elements of on the basis states ͉p͘ in the P space and ͉q͘ in the Q space can be determined as
where d is the dimension of the P space and ͗ k ͉ is the biorthogonal state of ͉ k ͘ = P͉⌽ k ͘, which means the matrix inversion
and satisfies
should be noted that the set of eigenstates ͕͉⌽ k ͘ , k =1,2, ... ,d͖ is selected so that they have the largest P-space overlaps among all the eigenstates in Eq. ͑6͒. Then, in order to obtain the matrix elements of U, we introduce the eigenvalue equation for † in the P space as
Using the solutions to the above equation, we define the ket vector ͉ k ͘ as
which is also written as
Using Eqs. ͑8͒-͑10͒, we obtain the matrix elements of the unitary-transformation operator U in Eq. ͑2͒ as
and
͑14͒
Thus, the matrix elements of the effective interaction ṽ 12 in Eq. ͑1͒ can be written as
where ͉i͘, ͉j͘, ͉k͘, and ͉l͘ denote the basis states in the P + Q space. The above formulation is employed for deriving the effective interaction in the present study. Here we note that since we treat a many-body system, the single-particle potential u 1 ͑u 2 ͒ in h 0 for both particle and hole states is introduced to obtain a good unperturbed energy. In the following, a procedure for determining the effective interaction and the singleparticle potential is given.
B. Two-step method for the calculation of effective interaction
In nuclear many-body problems, how to determine the single-particle potential for particle (unoccupied) states as well as hole (occupied) states is important in connection with the evaluation of many-body correlations [26] [27] [28] [29] . In our calculations, the single-particle potential, which is determined self-consistently with the two-body effective interaction, is calculated up to a sufficiently high-momentum region. In general, this choice of the single-particle potential leads to a deeper binding of the ground-state energy of a nucleus in the lowest order. Then, effects of the many-body correlations of higher order become smaller than the choice of only the kinetic energy for the particle state. This trend would be favorable when the evaluation of many-body correction terms has to be limited in the actual calculation.
In our earlier calculations, the effective interaction was derived by a three-step procedure with some approximations to take account of single-particle potentials up to a highmomentum region. In the present work, however, we adopt a two-step procedure and approximation methods are refined, because the performance of the computer has been greatly improved and some approximations in the previous works are not needed at present. In the following, we shall give the two-step procedure for the numerical calculation.
First-step calculation
In this work, we employ the harmonic-oscillator (ho) wave functions as the basis states. Two-nucleon states for Z = nn, np, pp channels consisting of the product of the ho states are given by
The model space P Z ͑1͒ and its complement Q Z ͑1͒ composed of the two-nucleon states for the Z channel are defined with a boundary number 1 as
which is also illustrated only for the np channel in Fig. 1 . The nn and pp channels are considered similarly in the actual calculation. The value of 1 is taken as large as possible so that the calculated results do not depend on this value. The 1 dependence of calculated results will be investigated in Sec. III. The symbols n and p in Fig. 1 It is noted that, in this first step, the effective interaction is constructed using the relative and center-of-mass (c.m.) states of the ho wave functions. Since we consider a huge Hilbert space, it is very difficult to use the basis states composed of the product of the single-particle ho states in the model and complementary spaces. In the following, we shall give a practical method for calculating the effective interaction and the single-particle potential. In order to derive the two-body effective interaction for each of Z = nn, np, pp channels we rewrite Eq. (6) in terms of the relative and c.m. states as
where l͑lЈ͒ and S are the orbital angular momentum and spin of a relative state, and J r is the total angular momentum given by J r = l + S. The letter k means an additional quantum number specifying an eigenstate. The terms t r and t c.m. are the kinetic energies of the relative and c.m. motions, respectively, and v 12 is the bare interaction. The operator Q Z
͑1͒
projects two-body states on to the Q Z ͑1͒ space, but Pauliforbidden two-body states in the Q X1 and Q X2 spaces are excluded. The sum of two single-particle potentials in the relative and c.m. states is denoted by u 12 ͑N , L͒. We assume, in the present study, that the matrix elements in solving Eq. ͑18͒ are diagonal in each of the c.m. quantum numbers N and L. Thus, the resultant effective interaction becomes also diagonal in the c.m. quantum numbers.
The matrix elements of u 12 ͑N , L͒ can be written under the angle-average approximation [14, 30] as
where ͓x͔ϵ2x + 1 and J is the total angular momentum for two single-particle ho states given by J = j a + j b . The coefficients ͕¯͖, W͑¯͒, and ͗nl¯͉ n a l a¯͘ denote the Wigner 9-j symbols, the Racah coefficients, and the ho transformation brackets, respectively. Note that, as for the nn and pp channels, the calculation should be done only for l + S = even. The quantities u z 1 ͑1͒ and u z 2 ͑1͒ represent the single-particle potentials of the neutron u n ͑1͒ or proton u p ͑1͒ in the first-step calculation, depending on Z = nn, np, pp channels. The singleparticle potentials u n ͑1͒ and u p ͑1͒ are calculated selfconsistently with the two-body effective interaction, which will be shown later.
The operator Q Z ͑1͒ can be written under the angle-average approximation as
͑20͒
where
Note that, as for the nn and pp channels, the calculation should be done only for l + S = even. The letter a ͑b͒ for the summation in Eq. ͑21͒ means a set of the quantum numbers a ϵ͕n a , l a , j a , z = n or p͖ of a single-particle ho state. The conditions of the summation of single-particle states a and b for the nn and pp channels are ͕a ഛ n , b Ͼ n ͖ and ͕a ഛ p , b Ͼ p ͖, respectively. As for the np channel, ͕a
Here for example, the notation ͕a ഛ n , b Ͼ p ͖ for the np channel means that the summation is done for occupied states of the neutron and unoccupied states of the proton. It should be noted that Eq. (18) is solved exactly by diagonalizing the matrix elements of several hundred coordinate-space ho basis states for each channel on the assumption of the diagonal c.m. quantum numbers. If we employ a bare interaction in momentum-space representation, the Fourier transformation for the ho wave function is needed in calculating the matrix elements of the bare interaction. Using the eigenvector ͉k ; l͑lЈ͒SJ r , NL͘ Z , the operator in Eq. (7) can be written in terms of relative and c.m. states. Then, the matrices of the effective interaction ṽ 12 ͑1͒ in Eq. (15) are obtained in the relative and c.m. states as ͗nlSJ r ͉ṽ 12 ͑N , L͉͒nЈlЈSJ r ͘ Z through Eqs. (7)- (15) . Note that we do not need the Q-space effective interaction in the firststep calculation if we take a sufficiently large model space.
The transformation of the effective interaction in the relative and c.m. states into the one in the shell-model states can be performed straightforwardly as
which is required for the antisymmetrization of the matrix elements in the shell-model states. Note that l + S = even for the nn and pp channels. 
for the neutron and
for the proton. (7)- (15), the effective interaction in the form of the reduced matrix element is determined. Then, the new single-particle potentials are calculated through Eqs. (23)- (26) . These new values of the singleparticle potentials are used in Eq. (19) , and the iterative calculation is performed until the calculated results converge. We remark here that one of the practical methods of the structure calculations using the present effective interaction would be the shell-model diagonalization. However, the application of such a calculation may be limited only to light nuclei, because we must take account of many single-particle states in the model space and the dimension of the matrices to be diagonalized becomes very huge. Since we intend to obtain only the energies of the ground state of the closedshell nucleus and the single-particle (-hole) states in its neighboring nuclei, we proceed to the next step for a more practical calculation. In the second-step calculation, the effective interaction determined in the first-step calculation is unitarily transformed again so that the matrix elements for two-particle two-hole ͑2p2h͒ excitation reduce to zero. This is an essential point of the UMOA. By virtue of this, a number of many-body correlations with the vertices of the effective interaction are reduced compared to the usual linkedcluster expansion with the G matrix. In the UMOA, such many-body correlations can be evaluated in a cluster expansion of the unitarily transformed Hamiltonian with the vertices of S in Eq. (5), the one-body Hamiltonian, and the twobody effective interaction.
Second-step calculation
Using the two-body effective interaction ṽ ij ͑1͒ determined in the first-step calculation, we consider the internal Hamiltonian as
where T c.m. is the kinetic energy of the c.m. motion. In this second step, the calculations are performed using the basis states of the product of the single-particle ho states. The ho potential U c.m. can be written with the mass number A and the nucleon mass m as
and r ij = r i − r j . We assume that the nucleon mass is the mean value of the neutron and proton. As for the value of ␤ c.m. in Eq. ͑28͒, in the present study, we simply take as ␤ c.m. =1 which could be acceptable as discussed in Refs. ͓31,32͔. Thus, the Hamiltonian to be considered in the second-step calculation becomes
Note that the above two-body interaction is A dependent. The central aim of the present study is to calculate the binding energies of the ground state of 16 O and its neighboring nuclei, and to obtain single-particle energies using the Hamiltonian in Eq. (30) . To accomplish this without performing the full shell-model diagonalization, we proceed to the decoupling calculation again. The model space in the first-step calculation in Fig. 1 is separated as shown in Fig. 2 . The model space and its complement for the np channel are denoted by P np ͑2͒ and Q np ͑2͒ , respectively. It should be noted that we solve the P-space and Q-space problems on an equal footing in the second-step calculation, using the effective interaction determined in the first-step calculation which has already incorporated the effect of the short-range correlation of the bare interaction. The P X1 and P X2 spaces are the Pauliblocked spaces in the second-step calculation.
It would be worthy to mention the property of the effective interaction to be determined in the second-step calculation. By taking the model and complementary spaces as shown in Fig. 2 , the resultant effective interaction ṽ 12
͑2͒
which is determined from the decoupling condition Q Z ͑2͒ ṽ 12 ͑2͒ P Z ͑2͒ = 0 for Z = nn, np, pp has no vertices which induce 2p2h excitation. This is analogous to the Hartree-Fock (HF) condition which means that an original Hamiltonian is transformed so that the matrix elements for 1p1h excitation reduce to zero. Although the vertices of the one-body nondiagonal matrix elements remain in determining the effective interaction, these nondiagonal matrix elements are diagonalized at the end of the calculation.
The eigenvalue equation for the Z channel in the secondstep calculation which corresponds to Eq. (6) can be written as
͑32͒
where ͉⌿ k ͘ J ,Z represents a two-body eigenstate in terms of the basis states of the product of the single-particle ho states with a good total angular momentum and parity for the Z channel. We solve the above eigenvalue equation exactly by diagonalizing the matrix elements in the full space P Z
͑2͒
+ Q Z ͑2͒ , and then obtain the matrix elements of U in this full space through Eqs. ͑7͒-͑14͒. In addition, the matrix elements of U for the P X1 and P X2 spaces are given by
where ͉x͘, ͉p͘, and ͉q͘ are the basis states in the P X1 and P X2 , P Z ͑2͒ , and Q Z ͑2͒ spaces, respectively. The calculation procedure in the second step is as follows. We first solve exactly Eq. (32) by the diagonalization. As the initial values of u z 1 ͑2͒ and u z 2 ͑2͒ in Eq. (32), we use the singleparticle potentials determined in the first-step calculation. Through Eqs. (7)-(15), the effective interaction ṽ 12 ͑2͒ in this second step in all the P X1 , P X2 , P Z ͑2͒ , and Q Z ͑2͒ spaces is determined. Then, the single-particle potentials u n ͑2͒ and u p ͑2͒ are calculated in Eqs. (25) and (26) using the effective interaction ṽ 12 ͑2͒ instead of ṽ 12 ͑1͒ determined in the first step, and the self-consistent calculation is performed iteratively until the calculated results converge.
As a typical example of the convergence of the selfconsistent calculation, in Fig. 3 , we show the results of the unperturbed ground-state energy of 16 O in the second-step calculation with increasing number of iteration for 1 =12 with the CD-Bonn potential. The Coulomb interaction is included in the calculation. The unperturbed ground-state energy E g.s.
͑unp͒ of the doubly closed-shell nucleus is given by 
͑35͒
where ͉m͘ denotes a ho single-particle state for the hole state with a total angular momentum j m . We also express the unperturbed single-particle energy E sp ͑unp͒ for a state ͉a͘ as
Note that E g.s.
͑unp͒ and E sp ͑unp͒ are implicitly A dependent due to the property of Ṽ ij ͑1͒ ͑A͒ in Eq. ͑31͒. We see that the results in Fig. 3 converge when the number of interaction is larger than 4.
C. Diagonalization of the transformed Hamiltonian
The transformed Hamiltonian determined in the secondstep calculation does not contain the interaction which induces 2p2h excitation. However, there remain some terms inducing 1p1h excitation in the one-body Hamiltonian, and coupling terms in the two-body interaction between 1h and 1p2h states for occupied states, and between 1p and 2p1h states for unoccupied states. The transformed Hamiltonian to be diagonalized consists of the kinetic and single-particle potential parts, and the two-body effective interaction determined in the second-step calculation. As for the closed-shell nucleus, we diagonalize the transformed Hamiltonian with the shell-model basis states, taking into account 1p1h excitation from the unperturbed ground state. We denote the energy shift from the unperturbed energy obtained by the diagonalization by E 1p1h . As for the closed-shell nucleus plus one-particle (one-hole) system, the shell-model basis states are composed of the 1p and 2p1h states (1h and 1p2h states). The energy shift from the unperturbed energy obtained by the diagonalization is expressed by E 2p1h ͑E 1p2h ͒. The binding energies BE for these systems are given as follows:
͑unp͒ + E 1p1h , ͑37͒ 
O͒. ͑41͒
In the following section, we shall present the calculated results of the energies using Eqs. ͑35͒-͑41͒ with some discussions.
III. RESULTS AND DISCUSSION
In the present study, the number of the ho wave functions which are used as the basis states is finite, and some approximations are made. Therefore, the calculated results have the dependences on the ho energy ប⍀ and the value of 1 which specifies the model space in the first-step calculation. In the following sections, some calculated results are shown with the ប⍀ and 1 dependences. However, we search for optimal values of ប⍀ and values of 1 for which the calculated results almost converge to obtain the final results.
In order to clarify differences in the properties of modern nucleon-nucleon interactions, four interactions represented in momentum space are employed, namely, the Nijm-93, Nijm-I [18] , the CD-Bonn [20] and the N 3 LO [21] potentials, and the Coulomb force is also used commonly. In the calculations, the partial waves up to J r ഛ 6 are taken into account.
A. 16 
O
In Fig. 4 , the ប⍀ dependence of calculated ground-state energies of 16 O for 1 = 12 using the Nijm-93 and the CDBonn potentials is shown. The unperturbed energy which is shown as "unp" and the energy with the 1p1h correction are displayed separately. The expression of the ground-state en- ergy with the 1p1h effect is given in Eq. (37) as −BE. We see that the effect of the 1p1h correction has a significant contribution attractively to the ground-state energy. If we use the HF wave functions, the unperturbed ground-state energies should become more attractive.
We note here that the values of ប⍀ at which the energy minima are obtained differ from each other between the Nijm-93 and the CD-Bonn potentials, and also between the unperturbed and the unperturbed plus 1p1h energies, reflecting differences in the properties of the two potentials. In the calculation of 16 O, a value around ប⍀ = 14 MeV is often employed as a suitable value of ប⍀. This value is very close to that determined by empirical formula such as ប⍀ =45A −1/3 −25A −2/3 MeV. In the present study, however, we regard the value at which the energy minimum is obtained as the optimal one. The optimal value should be searched for each state in nuclei. Figure 5 illustrates the ប⍀ and 1 dependences of the ground-state energy with the 1p1h effect for the Nijm-93, Nijm-I, the N 3 LO, and the CD-Bonn potentials. In principle, we should take the value of 1 as large as possible until the results do not depend on 1 . When we take as 1 = 14, the results show fairly good convergence for the CD-Bonn potential. As for the Nijm-93, Nijm-I, and the N 3 LO potentials, almost convergent results are obtained if we take the value 1 = 16. Note that the energy for 1 =18 at ប⍀ = 14 MeV is calculated for the N 3 LO potential in order to confirm the convergence. We see that the results for 1 = 16 and 18 are almost the same.
In Table I , the final results of the ground-state energy with the 1p1h effect are tabulated for the four potentials together with the experimental value. The binding energies per nucleon are also shown. The calculated values are for the optimal ប⍀ and 1 which can be determined from the results as shown in Fig. 5 . The results for the Nijm 93 and the CD Bonn are the least and most attractive, respectively, of the four potentials. This tendency can also be observed in the Faddeev-Yakubovsky calculations for 4 He by Nogga et al. [33] .
It is seen that the calculated ground-state energies are less bound than the experimental value. In the present calculation, higher-order correlations such as the three-body cluster terms have not been evaluated. In addition, the real threebody force is not taken into account. The inclusion of the real three-body force and the higher-order many-body correlations would compensate for the discrepancies between the experimental and calculated values. Such a study remains as an important task for a deeper understanding of nuclear ground-state properties in the present approach. A coupledcluster calculation of the saturation property concerning the binding energy and charge radius for 16 O by Mihaila and Heisenberg has shown that the calculated result agrees well with the experimental value when a genuine three-body force is included in the calculation [32] .
B.
15 N and 15 O Figure 6 shows the ប⍀ dependence of calculated singleparticle energies for the 0p states in 15 N and 15 O for 1 = 12 in the case of the CD-Bonn potential. The unperturbed energy and the energy with the 1p2h correction are displayed separately. The unperturbed single-particle energy is given in Eq. (36) and that with the 1p2h correction is in Eq. (41) . We see that the unperturbed single-particle energies vary considerably at around the typical ប⍀ = 14 MeV. However, the single-particle energies with the 1p2h correction have the saturation points at around ប⍀ Ӎ 14-15 MeV, depending on the single-particle states. Note that the minimum points for the ground-state energies of 15 N and 15 O correspond to the maximum points of the single-particle energies in Fig. 6 . It should be remarked that the spin-orbit splittings for the 0p states in 15 N and 15 O are significantly enlarged by taking into account the 1p2h correction. This effect has already been shown in our previous works though the calculation was performed perturbatively by taking into account second-order diagrams on the isospin basis [13, 14] . Figure 7 exhibits the ប⍀ and 1 dependences of the single-particle energies with the 1p2h effect. It is seen that the 1 dependence is weaker than that in Fig. 5 . This is because the results in Fig. 6 are the relative values for the binding energies of two nuclei as given in Eq. (41), while those in Fig. 5 are not the relative ones. We may say that, as for the single-particle energies for the hole states, the results for 1 = 12 are acceptable as final results in the present study.
In Fig. 8 , the final results of the single-particle energies with the 1p2h effect for the 0p states in 15 N and 15 O for 1 = 12 using the four potentials are shown with the values of the spin-orbit splitting energy. The optimal values of ប⍀ for each interaction are searched for the binding energies of 16 O, 15 N, and 15 O in calculating the single-particle energies through Eq. (41) . We see that the calculated spin-orbit splittings are smaller than the experimental values though the differences between the calculated and experimental values depend on the nucleon-nucleon interactions employed. The magnitudes of these discrepancies would be reduced if we include a genuine three-body force in the calculation as discussed in Refs. [4, 6] .
In Tables II and III , the final results of the single-particle energies shown in Fig. 8 are tabulated. The results for the typical ប⍀ = 14 MeV are also displayed in parentheses for reference. In the case of ប⍀ = 14 MeV, we use this value commonly in calculating the binding energies of 16 O, 15 N, and 15 O. It is seen that all the calculated single-particle energies are more attractive than the experimental values. The inclusion of the three-body force and the evaluation of higher-order many-body correlations may compensate for the discrepancies between the experimental and calculated values.
In order to see the accuracy of the calculations, it would be worthwhile to apply the present method to the fewnucleon systems 4 He, 3 H, and 3 He as similar systems to 16 O, 15 N, and 15 O. As for the few-nucleon systems, the binding energies have been calculated precisely by various methods [36] .
In Fig. 9 , the ប⍀ dependence of calculated ground-state energies of 4 He, 3 H, and 3 He is shown for 1 = 12 using the CD-Bonn potential. The expression of the unperturbed ground-state energy is given in Eq. (35) . It is noted that the formulas for calculating the unperturbed ground-state energies of 4 He, 3 H, and 3 He are the same. In these cases, only the 0s 1/2 states of the proton and neutron are regarded as the hole states. However, the results of the unperturbed energies are different between 4 He and 3 H ( 4 He and 3 He) because of the A dependence of the Hamiltonian as given in Eq. (30) . The expression of the ground-state energy of 4 He with the 1p1h correction corresponds to Eq. (37), and that for 3 H and 3 He with the 1p2h effect is similar to Eq. (39) . We see that although the calculated results of the unperturbed groundstate energies of 3 H and 3 He are the same, the energies with the 1p2h effect are different because of the charge difference.
In Table IV , the calculated ground-state energies of 4 He, 3 H, and 3 He with the corrections for the optimal values of ប⍀ which can be determined from Fig. 9 are tabulated together with the results of the no-core shell model (NCSM) [37, 38] and the experimental values. It has been shown that the NCSM results agree well with the results obtained by accurate methods for few-nucleon systems such as the Faddeev-Yakubovsky calculation [36] . It is seen that our results are less bound by several hundred keV than the NCSM results. In the present approach, higher-order many-body correlations such as the three-body cluster terms are not taken into account. The evaluation of the higher-order many-body correlations would gain more binding energy. We may say, however, that our result of the charge dependence in the relative energy between 3 H and 3 He is in good agreement with the NCSM result and also the experimental value.
This kind of agreement of charge dependence can also be seen in the results for 15 Figure 10 shows the ប⍀ dependence of calculated singleparticle energies for 1 = 12 for the 1s and 0d states in 17 F and 17 O with the CD-Bonn potential. The unperturbed energy and the energy with the 2p1h correction are displayed separately. The definition of the single-particle energy with the correction is given in Eq. (40) . We see that all the unperturbed energies are rather unbound and considerably vary at around the typical ប⍀ = 14 MeV. However, some singleparticle states become bound at the energy minimum points by taking account of the corrections. It should be noted that the magnitudes of the spin-orbit splitting with the 2p1h effect for the 0d states are not very different from those for the unperturbed part at around ប⍀ = 14 MeV . This tendency differs from the case of the deeply bound hole states for which the 1p2h effect plays an important role to enlarge the spinorbit splittings as shown in Fig. 6 .
In Fig. 11 , we show the ប⍀ and 1 dependences of the single-particle energies with the 2p1h effect. We see that the 1 dependence for the 0d 5/2 and 1s 1/2 states shows the good convergence at 1 = 12. On the other hand, the results for the 0d 3/2 states do not necessarily converge at 1 = 12. Since the 0d 3/2 states of the proton and neutron are highly unbound, it would be necessary to take a larger value of 1 in order to obtain the convergent results. In the present study, however, we employ the values for 1 = 12 as the final results of the single-particle energies in 17 F and 17 O. Figure 12 shows the final results of the single-particle energies with the 2p1h effect in O. However we note that, in our preliminary estimation, the three-body cluster effect for the particle state shows a repulsive contribution significantly to the single-particle energy if only the two-body interaction is employed [40] .
In Tables V and VI, the final results of the single-particle energies shown in Fig. 12 are tabulated together with the spin-orbit splitting energies for the 0d states and the energy differences between the 1s 1/2 and 0d 5/2 states. The values for the typical ប⍀ = 14 MeV are also displayed in parentheses for reference. We may say that our results for the magnitudes of these two splittings are not very different from the experimental values. However, we should take account of the real three-body force and evaluate higher-order many-body correction terms to obtain more reliable results. This kind of study is in progress.
We here discuss effects of the Coulomb force. 17 O. This effect is known as the Thomas-Ehrman shift due to the Coulomb force [41] [42] [43] [44] . In our results, the magnitudes of the shift are from 0.19 to 0.29 MeV for the cases of the optimal ប⍀ and from 0.22 to 0.23 MeV for ប⍀ = 14 MeV, depending on the interactions employed. In the latter case the results hardly depend on the potentials, because the unperturbed 1s 1/2 ho wave functions are the same for all the cases using the four interactions, and thus the Coulomb force works equally in the calculations. Although some discrepancies between the experimental and calculated values are seen, we may say that the Thomas-Ehrman effect can be observed in our results.
IV. SUMMARY AND CONCLUSIONS
The method for calculating the ground-state energy and single-particle energy has been developed within the frame- work of the unitary-model-operator approach (UMOA). The expressions for the numerical calculation have been recast from the isospin basis to the particle one for the chargedependent structure calculation. We have applied the UMOA to 16 O, 15 N, 15 O, 17 F, and 17 O employing modern nucleonnucleon interactions, such as the Nijm-93, Nijm-I, the CDBonn, and the N 3 LO potentials which have charge dependence. The Coulomb force has been also used for the pp channel. In order to obtain the final results, we have searched for the optimal values of ប⍀ and the values of 1 for which the calculated results almost converge.
The accuracy of the approximation in the present method has been investigated by calculating the ground-state energies of 4 He, 3 H, and 3 He and comparing the present results with the accurate no-core shell-model (NCSM) results. We have found that the energy differences between the NCSM and our results for these systems are several hundred keV for the CD-Bonn potential. As for the energy difference between 3 H and 3 He, our result agrees well with the NCSM result and the experimental value.
The good agreement for charge dependence between the present results and the experimental values is observed also in the differences in the ground-state energies between We have shown that the calculated spin-orbit splittings for the 0p hole states are enlarged significantly by taking the 1p2h effect into account, and become close to the experimental value. On the other hand, the influence of the inclusion of the 2p1h effect on the spin-orbit splittings for the 0d particle states is rather small. On the whole, the calculated spin-orbit splittings for the hole and particle states in nuclei around 16 O are not very different from the experimental values though the results somewhat depend on the interactions employed.
In the present work, higher-order many-body correlations such as the three-body cluster terms are not evaluated. In addition, the real three-body force is not included in the calculations. We should take account of these effects for a deeper understanding of the nuclear structure.
By virtue of the extension of the calculation method to the particle basis, the present method can be applied to protonor neutron-rich nuclei in the same manner. The mechanism of the variation of magic numbers near the drip lines may be clarified from a microscopic point of view. The study of neutron-rich nuclei around 24 O is in progress. Results for these systems will be reported elsewhere in the near future.
